Recently, high power-density, high power-efficiency, and wide regulation range isolated DC-DC converters have been required. This paper presents considerations of physical design and implementation for wide regulation range MHz-level LLC resonant DC-DC converters. The circuit parameters are designed with 3-5 MHz-level switching frequency. Also, the physical parameters and the size of the planar transformer are optimized by using derived equations and finite element method (FEM) with Maxwell 3D. Some experiments are done with prototype LLC resonant DC-DC converter using gallium nitride high electron mobility transistors (GaN-HEMTs); the input voltage is 42-53 V, the reference output voltage is 12 V, the load current is 8 A, the maximum switching frequency is about 5 MHz, the total volume of the circuit is 4.1 cm 3 , and the power density of the prototype converter is 24.4 W/cc.
Introduction
Recently, high power-density and high power-efficiency isolated DC-DC converters have been required in information and communication technology (ICT) facilities. Therefore, high switching frequency and low power loss technique have been studied. In particular, to achieve these requirements, the isolated DC-DC converters with GaN-HEMTs have been studied by some research institute in recent years [1] [2] [3] [4] [5] [6] [7] .
Furthermore, the regulated MHz-level operated isolated DC-DC converters have been studied with wide input voltage: 60-120 V input voltage, 20 V output voltage, 2.6 MHz switching frequency, and 50 W output power, series resonant DC-DC converter [8] ; 36-72 V input voltage, 12 V output voltage, 5 MHz switching frequency, and 30 W output power, flyback DC-DC converter [9] ; 110-250 V input voltage, 15 V output voltage, 2 MHz switching frequency, and 45 W output power, quasi-square-wave zero-voltage switching three-level half-bridge DC-DC converter [10] ; 60-120 V input voltage, 15 V output voltage, 3-4.5 MHz switching frequency, and 40 W output power, zero-voltage switching (ZVS) half-bridge DC-DC converter [11] . These isolated DC-DC converters achieve high power efficiency. However, higher power efficiency and higher output power are required in MHz-level frequency isolated DC-DC converter.
LLC resonant DC-DC converters have been known to achieve high power efficiency with high switching frequency. In case of this topology, the regulated converters of 1 MHzlevel switching frequency have been studied so far [12, 13] . Also, the unregulated LLC resonant DC-DC converters operated at 5 MHz have been considered so far [14] . In order to achieve the miniaturization of the converter, LLC resonant DC-DC converters with wide input voltage and high power efficiency are needed at higher switching frequency.
In this paper, the designs of high power-density and wide regulated LLC resonant DC-DC converter have been considered. The circuit parameters have been calculated for wider regulation at MHz-level switching frequency. The target input 2 Active and Passive Electronic Components Figure 1 : LLC resonant DC-DC converter circuit topology. In Section 2, the consideration of LLC resonant DC-DC converter circuit parameter is described. In Section 3, the physical design considerations of planar transformer are revealed. In Section 4, the experimental results are demonstrated.
The Consideration of Circuit Parameter Design
The circuit topology is based on a LLC resonant DC-DC converter, as shown in Figure 1 . The target specification is shown in Table 1 . The primary side is a half-bridge topology.
1 and 2 are driven in 50% duty ratio, alternatively. r1 and r2 are the resonant capacitances which have the same capacitance. Also, they make averaged voltage of r2 to one half of the input. The magnetic transformer is composed of leakage inductance lk1 and magnetizing inductance m . add is primary-side additional inductance. The secondary side is the center-tap topology with diodes D 1 and D 2 . To achieve target input voltage range, transformer turn ratio is set to be 3.
LLC resonant DC-DC converters have two resonant frequencies. One is the series resonant frequency 0 which is series resonance between resonant capacitance r and inductance r . The other is the resonant frequency 1 which is resonance between r , r and magnetizing inductance m . LLC resonant DC-DC converter can operate in the region of above resonance s > 0 or below resonance 1 < s < 0 . In case of above resonance, ZVS of primary-side switches can be achieved. In this region, the converter behaves as buck-mode operation. In case of below resonance, ZVS of primary-side switches and zero-current switching (ZCS) of secondary-side diodes can be achieved. In this region, the converter behaves as boost-mode operation. LLC resonant DC-DC converter used in this paper is operated in below resonance at rated current. In order to achieve the target specification, the design of LLC resonant DC-DC converter is considered. At first, the equivalent circuit of the magnetic transformer can be drawn, as shown in Figure 2 [15] . Also, the following equations can be obtained:
where lk1 is the leakage inductance, m is the magnetizing inductance, is the coupling coefficient, 11 is the primary-side self-inductance, 22 is the secondary-side selfinductance, and is the turn ratio.
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In LLC resonant DC-DC converter, for achieving ZVS operation of primary-side switches, the magnetizing inductance has to be designed small enough. The magnetizing inductance can result in the following equation [16, 17] :
where s is the switching period, dead is the dead time of the primary-side switches, and oss is the output capacitance of the primary-side switches. From this equation, when the parameters are set as s = 250 ns, dead = 10 ns, and oss = 654 pF at i = 42 V, the value of m < 238.9 nH can be derived. Therefore, the magnetizing inductance can be set at 220 nH. Also, LLC resonant DC-DC converter has been analyzed with fundamental harmonic approximation (FHA) [16, 17] . The definitions for this analysis are as follows:
where s is the switching frequency, 0 is the resonant frequency, is the quality factor of the circuit, ac is the equivalent resistance, r is the resonant capacitance, r is the resonant inductance, add is the additional inductance for optimizing r , and is the ratio of the inductances. The equivalent circuit of LLC resonant DC-DC converter can be drawn, as shown in Figure 3 . From this equivalent circuit, the ratio of the input and output voltage can be obtained as follows:
When is set to 0.94, is decided at 2.82. The minimum input voltage is 42 V; thus, the required peak ratio p can be derived about 2 from (12). This result includes 20% margin of . Figure 4 can result from (12) . The limitation of in each can be found from this graph. B82801B manufactured by EPCOS is used as not only current measurement but also additional inductance. The short inductance of the current transformer is 7 nH. Therefore, from Figure 5 , when = 6, r is decided about 36.7 nH. Also, from Figure 4 , < 0.23. Then, r and 0 can be decided from (6) and (4), respectively; r = 12.66 nF and 0 = 7.4 MHz.
The Physical Design Considerations of Planar Transformer
In general, Nickel Zinc (NiZn) ferrite core has been used in MHz-level switching frequency operation. In terms of the core of this prototype isolated DC-DC converter, SY22 NiZn ferrite core manufactured by TDK is used [18] . The relative permeability i of the core material is 80. This core material can be used from 5 to 15 MHz. The good features are guaranteed in MHz-level frequency. The core shape is EI core. In this paper, the physical parameters of this EI core are optimized for obtaining good performance. For the prototype LLC resonant DC-DC converter, 8-layer printed circuit board (PCB) is used. The winding arrangement of the prototype planar transformer is shown in Figure 6 . In terms of planar transformer, layers 1, 2, 7, and 8 (L1, 2, 7, and 8) are assigned to primary-side windings, while layers 3, 4, 5, and 6 (L3, 4, 5, and 6) are assigned to secondary-side windings. The primary-side turn number is 3 turns, 1 layer has 2 turns, and parallel number is 2. Also, the secondary-side turn number is 1 turn, 1 layer has 1 turn, and parallel number is 2. Each diode is connected with each secondary-side winding, as shown in Figure 1 . Figure 7 shows the definitions for each physical parameter of magnetic transformer which have EI core. From these definitions, the following equation can be obtained:
where e is effective magnetic path length, e is effective core cross-sectional area, and e is volume of core material. In addition, based on magnetic circuit of EI core transformer, the following equation can be derived:
L1 ( where c is correction coefficient, 0 is absolute permeability, g is air gap, s is relative permeability of core material, and p is number of primary-side turns.
The restriction of this converter is considered. The physical features of each component are shown in Figure 8 . Target depth, width, height, and volume are written in this figure. From these physical features, the limitation of physical parameters in magnetic transformer can be derived as follows: 0 < < 15 − 2 and ≤ 16.5.
The relationship between m and temperature can be drawn from past experimental data, as shown in Figure 9 . m can be derived as the following equation from experimental results:
From this data, when the allowable temperature of magnetic core is set to 80 ∘ C, m is restricted from 32 to 36 mT. As mentioned above, layers 1, 2, 7, and 8 are assigned to primary-side windings, while layers 3, 4, 5, and 6 are assigned to secondary-side windings. The primary-side turn number is 3 turns, 1 layer has 2 turns, and parallel number is 2. Also, the secondary-side turn number is 1 turn, 1 layer has 1 turn, and parallel number is 2. Thus, each winding resistance is 
The copper loss of planar transformer copper can be estimated as follows:
where pri and sec are winding resistance of primaryside and secondary-side winding, respectively. 1 and 2 are root mean square (RMS) current of the primary-side and secondary-side winding. Core loss of planar transformer core and total power loss sum can be derived as follows:
From these derived equations and FEM with Maxwell 3D, the relationship between primary-side winding width 1 and sum can be obtained, as shown in Figure 13 . The minimum total power loss can be found in this figure. From this figure, 
Experimental Results
Some experiments are done with parameters and components, as shown in Table 2 . The prototype MHz-level LLC resonant DC-DC converter with GaN-HEMTs is shown in Figure 16 . In this prototype circuit, to suppress the power loss at diodes and use the board area effectively, diodes D 1 and From these experimental results and datasheets of devices [18, 19] , each power loss analysis is conducted, as shown in Figure 19 . It can be seen that the target efficiency is achieved at i = 48 and 53 V. On the other hand, it can be seen that the target efficiency is not achieved at worst condition i = 42 V. According to this analysis, the major reason of this problem is considered 6 W of copper loss.
Also, from these experimental results, it can be found that the power density of the prototype converter is 24.4 W/cc.
Conclusions
In this paper, the considerations of physical design and implementation for wide regulation range LLC resonant DC-DC converter with GaN-HEMTs are revealed. Also, the physical parameters and size of the planar transformer are optimized by using derived equations and FEM with Maxwell 3D.
The prototype LLC resonant DC-DC converter using GaN-HEMTs is tested with open loop. The specifications of this converter are that the input voltage is 42-53 V, the reference output voltage is 12 V, the load current is 8 A, the maximum switching frequency is about 5 MHz, and the total volume of the circuit is 4.1 cm 3 . ZVS operation of the primary-side switches at turn-on can be achieved during the dead time even if the input voltage is changed. The prototype DC-DC converter is obtained more than 90% of power efficiency at i = 48 and 53 V, o = 8 A. Also, the power density of the prototype converter is 24.4 W/cc. 
